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Introduction

e Theme this week is advancing the energy
frontier

e Driving argument for a new facility is
likely to be discovery through higher
energy

e LHC results will be critical to the
argument

m current energy frontier

m BSM discoveries at the LHC could
be just the tip of the iceberg

e Do we expect BSM physics or are we
shooting in the dark?
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E weights - fitted bkg

e The Higgs boson exists and has couplings close to SM values
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Important input to BSM issues

m coupling measurements limit new physics (Jeff’s talk)
m mass itself provides important input

Consider effect of Higgs self-energy corrections (for a fundamental scalar)
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Naturalness Problem

A2 A is energy scale of
Am? ~ new physics or
2 Planck mass
167 m

e The “correction” can be far larger than the mass itself
m for A~M,,, Am’/m; ~10%
e supersymmetry is one answer

m bosons enter the loop terms with the opposite sign to fermions and the divergence is
cancelled

m the price is a doubling of the mass spectrum and > 100 new parameters

dod @ ddad @ e but many positive features
(O)(O)(G) ® (0)(0)(@) @ m enables hierarch between EW and Planck

0

O{L ‘:' "' Q @D scales
> X X m generates EW symmetry breaking
m allows gauge coupling unification at ~10'6 GeV
(@) (@)(@) m has candidate for dark matter
@L ®._ @L m allows EW baryogenesis
@ & @ m important in string theories

simplest form (MSSM) predicts a light Higgs with
m, <135 GeV
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Expected properties of MSSM

e SUSY is broken so masses of new states differ from their partners
m may be much more massive Natural SUSY if Mgysy ~ Myeak

e in MSSM Higgs sector is expanded to (h, H?, A%, H?), with i being the lightest

m, =m. cos’ 23 +AM2(m;l ;..

m for m, =125 GeV and no stop mixing m. <4 TeV (smaller with mixing)

Feng, 3-loop calculation - arXiv:1306.2318

e M,>> M, is a “decoupling limit”
m £ couplings go to SM values
m M,, My, M,, are all large
m high precision EW relations are preserved

e lightest supersymmetric state may be stable (R-parity conservation)
m weakly interacting, uncharged
= missing energy in detected final states R=1 for SM particles

: R=-1 for SUSY particles
m candidate for dark matter
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Observables of the MSSM

e gluinos and squarks carry color charge
m strongly produced
m Cross sections depend primarily on gluino and squark masses

e Higgsino-gaugino mass eigenstates (spin 2)
= neutral states h, H, Z° ,¥ mix to form the neutralino mass eigenstates Xf ) Xg , Xg, xff
with M;a < sz <..

X10 could be LSP and dark matter
expected to be “light” compared to gluinos

s charged states H*,W* mix to form the chargino mass eigenstates X > X>
m electroweak production
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Disclaimers

e Additional constraints on SUSY parameter space from
lepton number conservation, suppression of FCNC, CP violation, EDM limits
e Supersymmetry is a broad framework with many variants
split-SUSY
charginos and neutralinos at TeV scale but squarks and sleptons heavy
gives up naturalness but preserves DM candidate and gauge coupling unification

e Experimental input is critical to narrow the options

focus point SUSY
high scale SUSY
gravity mediated
gauge mediated
anomaly mediated

MSUGRA (4 parameters plus a sign)
a.k.a. constrained MSSM (CMSSM)

phenomenological MSSM (19 parameters)
next-to-minimal SUSY (NMSSM)
R-parity violating (RPV) SUSY
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Comment on negative searches

e Many negative searches to follow A
m simplified models assumed

e Significance not limited to the simplified models reported

m Most searches involve a specific event topology or signature
eg. missing energy, number of jets, b-tagged jets, ...

m a set of signal regions is established
m observed event rates in signal regions usually agree with SM background expectations
m results constrain observable cross section in these channels for any non-SM effects
most papers quote these observable cross section limits
observable cross sections uncorrected for detector acceptance (model dependent)
e simplified models only serve as specific examples
m Mmore general use of cross section limits in pMSSM model arXiv:1307.8444
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Strong production of SUSY

e states producec*i in pairs if R-parity conserved
88,8999
e followed by cascade decays to lighter states, SM states, and LSP
e colored states often heavier than uncolored
m mass splitting of light-flavored squark generations usually small
e principal unknown parameter in production cross section is the mass of the gluinos

and squarks
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSY CrossSections arXiv:1206.2892
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Gluinos and light-flavored squarks 5

e searches require 2 to 6 jets plus E/"™

e multiple search regions defined and SM backgrounds estimated
B NO exXCess seen
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e gluinos can decays via virtual stop if m; > m,

g— ttXl
m final states with 4 top quarks and 2 neutralinos
m leads to exclusion in gluino-neutralino mass plane
e final states with multiple jets, E." b-jets, 0-1 leptons
m NO excesses seen in any of several final states
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? Gluino production with off-shell stops

Chicago

e Look at a few event distributions for most powerful channels from the two experiments
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Gluino production with on-shell stops

Effective if gluinos not too much heavier than stops
Same search channels as above jets, b’s, E;"
no excess signal above backgrounds

simplified models exclude

nm M;<M,-M, for M, <1340 GeV

plots below show limits for§ —=7,z, 7, = 1%,

also limits for t, = bx;, xi =W*x,
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e several possible decay modes
m depend on relative masses of tl,t W, X1 ) Xl

Decay to real top
plus neutralino

Decay to real b, W,
plus, neutralino

o

Direct stop pair production
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e EW production
XXX K
m insensitive to squark and gluino masses
expected to be lighter
m Smaller cross sections
m Wino state (5(3,)?11 degenerate) with bino )?f
e search channels include leptons, E"*
m some target WZ or W-h final states
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EW production of SUSY

e The same final states give exclusions on production of X; X; and 7*7"
m good agreement between experiments
m NO significant signals seen (results below from 2-lepton final states)
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e detected through initial state radiation

m “mono-jets”, “mono-W”, “mono-Z”, “mono-photon”
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e agreement between data and bkgd. constrains size of possible BSM cross section

e characterize cross section limit using effective field theory
m can compare with direct detection experiments for x+ N — x+ N

v/9

v/9
q DM q DM |
8.8
gq_ o gx F = —]‘Xlzq
M A
q DM DM

e details depend on quark-DM coupling
m Spin-independent DM scattering for vector and scalar interaction
m Spin-dependent DM scattering for axial vector interaction

]

m for picture to hold, characteristic energy transfers should be small wrt. L i.e. m,,, <27A
e collider cross section gives upper limit on o(m,,,,A)
m for given my,,, extract lower limit on A
m gives upper limit on cross section for direct detection
August 25, 2014 19 J. Pilcher
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Implications for direct detection oy

CMS PAS EXO-12-047

c\'|_'10-36§ T T T T TTTTT T T TTTTT C\'I_I1O_35 T T T T 11717 T T T T TITT] T T T T TTI1TH
& - € 4 CMS Preliminary
O, 1097 O,
(- E (- 10
O sl O | s
-'g 10 %_ 8 1039 CMS Monophoton, Vs = 8 TeY, 19.6 fi!
B 10
D 10% w
a F n 10
8 10'40;— S Monophot 8 1041
et 3 oM - et
© T O o
C 10 -
S S 10*
O 10% ‘O 10*
> - > 45
Z ,.[CMS Preliminary Z 10
X107 _ Ger v 0@r*y ) X 46 , (er 20 @r'"a)
- Spin Dependent, Axial-vector operator ”5—25 Spin Independent, Vector Operator —————
10-44| ] Ll ] Ll ] Lol 10-47 1 Lol 1 Lol 1 Lo
1 10 102 10° 1 10 10? 10°
M, [GeV] M, [GeV]

e for spin dependent case LHC provides best limit for m,,, < 300 GeV (monojet case)
m effective field theory requirement is very well respected

e for spin independent case LHC provides best limit for m,,,, < 3 GeV (monojet case)
e very similar results from ATLAS
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MSSM Higgs sector

CRi&483

e if the 125 GeV Higgs is the MSSM state 4 we also expect additional Higgs states HY,

A% H*

m characterized to leading order by M, and tanf3=v /v, ratio of VEVs for two Higgs doublets

e measurements have shown that couplings of & are similar to SM expectations
m suggests decoupling limit where M, 2 2 M,
m H° A% H* are heavy and almost degenerate

m coupling of A°to ¥ and b ~ m tanf3

e search for h, H°, A’ > "1

m especially with b-tagged jet

g b b
00090000 p——«——
__HA M
g b b
00090000 $————
arXiv:1408.3316
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CMS Simulation (s = 8 TeV T, e CMS hHA->w 19.7 b (8 TeV) + 4.9 fb (7 TeV) 10° CMS hHA—w 19.7 fb' (8 TeV) + 4.9 b (7 TeV)
— — T T T T I T T T T I T T T T — T T T T I T T T T I T T T T
> ol oz > ut e hHA- >
0.25 - Q h Q
o = —— A—>7tm, =120 GeV 4 b-t —e— Observed —e— Observed
= N | A -1t m, =200 GeV O 10 fpho b-tag o
— N A - CJz-w - Cz-w
E‘: L Tl e A —ttm, =300 GeV — . 3 O — i
K 02? é: 10 [ Electroweak éﬁ [ Electroweak
Z L S Jacop 5 3 acb
r 2 10° %] BKg. uncertainty E %% Bkg. uncertainty
0.15 o i MSSM m’}, scenario £ MSSM m?), scenario
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0.1 1
7 10" |
0.05- A
C 102 g
Ciw I ﬂ\\\u - L E;I'T"v-a L.LJ_LJ_J.‘J\!« bl 103 = .
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MSSM Higgs sector

e Limits on cross section time branching ratio for a single resonance ¢

95% CL limit on o(ggp)-B(o—v) [pb]

10°

102

CMS O—TT
|

19.7 fb™ (8 TeV)

—e— Observed
Expected for SM H(125 GeV)

[ = 1o Expected
[ ] =20 Expected

gg¢

excluded
region

Chicago

—
2

-
(=]
N

CMS o—TT
|

—e— Observed

[ = 1o Expected
[ ] =20 Expected

bbo

19.7 fb™' (8 TeV)

Expected for SM H(125 GeV)

excluded
region

arXiv:1408.3316

95% CL limit on o(bbg)-B(¢—>tt) [pb]
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1000
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L. . t . _ I f t- 50 [ |— Observed exc U e
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L |- xpec
search for the 3 MSSM states i, H?, A? a0k |1 wemects
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30F
Very similar limits 20f
from ATLAS
7 777 mpsh % 125-3 GeV |
100 A MSSM m"* scenario_:
L I L L L I L L L ]
200 400 600 800 1000
m, [GeV]
22 J. Pilcher

August 25, 2014



MSSM Higgs sector

e search for H*
m in direct production at high masses with H* — 7+ v
m in top quark decays forlow masst— b H* —= b ttv
m 7 detected in hadronic final states

/ 1 s OO0 —————

‘Q

A, Uncertainty
[ m,-=250GeV (x 10)
tan(p) = 50, MSSM m™*

DN Uncertainty
[] m,=130GeV (x10)
B(t—bH") = 0.9%

> T T T T | T T T T | T T T T | T T T T | T T T T | T T T > T T T T | T T T T | T T T T | T T T T | T T T T | T T T

& 10°EATLAS Preliminary o Data2012 & 10°EATLAS Preliminary o Data2012

o ) o P ATLAS-CONF-
S Jrat=1o5m" ] True « S Jra=to5m ] True - 2013-090

% Vs=8TeV [ Jet—>7 misID % Vs=8TeV ] Jet—7 misiD -

e g

L L

10°F

10?

RTTIT I RTTTT AR ||||u_u|_-
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10
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MSSM Higgs sector

e Limits on top quark branching ratio and cross section for direct production

T | ATLASPrelminay | pata2012 E g8 )llTLA.'lz‘) I;relilmiga(r:ylll_ " Daaz01z
= —— L . + T —— Observed CLs ]
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-------- Expected 10 P 5

=10 pecte . S P
5 F Il det=19.5fb" E o det=19.5fb :
B [ l=20 ] 1 -

I | 107g E
102 E - i
- ] 102 E

v v v b v b v b e e e e by 10_37"I""I'"'I'"'I'"'I'"'I""I""I""I'7

BT O ETU R T T R T-T Ry T BT ST 200 250 300 350 400 450 500 550 600

My [GeV] m, [GeV]

e Limits in m,, - tanf3 plane ATLAS-CONF-2013-090

Q 60 Q ‘ 1T ‘ 1T ‘ 3T ‘ T
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“Other” channels

e Most searches described so far are in traditional SUSY channels

m SUSY has many variants

e No time for these but see “summary charts” on following pages for references
m R-parity violating final states
little or no missing energy

m detector activity in empty LHC bunches (stopped gluinos, R-hadrons)

predicted in split SUSY theories where scalars have much higher masses and fermions are at TeV
scale

gluinos may have very long lifetime
m disappearing charged tracks
in anomaly mediated SUSY lightest chargino is nearly degenerate with lightest neutralino
chargino could have a detectable lifetime
m long-lived heavy particle
in gauge mediated SUSY breaking stau may have a long lifetime and look like a heavy muon
m long-lived neutral decaying to photon from displaced vertex
in gauge mediated breaking lightest neutralino may be long lived

e All searches negative so far
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ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model &M TY Jets ET™ [Ldim™ Mass limit Reference
MSUGRA/CMSSM 0 2-6jets Yes 203 m(g)=m(z) 1405.7875
MSUGRA/CMSSM lep  36jets  Yes 203 any m(g) ATLAS-CONF-2013-062
MSUGRAICMSSM 0 7-10jets  Yes 20.3 any m(g) 1308.1841
2, 3->ai1 0 26jets Yes 20.3 m{¥])=0 GV, m(1* gen. §)=m(2" gen. §) 1405.7875
12, t—»q@?" 0 2-6jets Yes 203 m(E))=0 GeV 1405.7875
3%, B9k 1—qqW *f\g lep 3-6jets Yes 20.3 m{])<200 GeV, m(F*)=0.5(m(¥])+m(z)) ATLAS-CONF-2013-062
gy, Boqq(ed[Eviwty 2e,p 0-3 jets - 20.3 m(¥;)=0GeV ATLAS-CONF-2013-080
MSB (£ NLSP) 2e,p 24Jets  Yes 47 tang<15 1208.4688
GMSB (ZNLSP) 127 +0-1¢ 0-2jets  Yes 203 tang >20 1407.0603
GGM (bino NLSP) 2y - Yes 203 m(F})>50 GeV ATLAS-CONF-2014-001
GGM (wino NLSP) tep+y - Yes 48 m{E1)>50 GeV ATLAS-CONF-2012-144
GGM (higgsino-bino NLSP) Y 1b Yes 48 m{¥})>220GeV 1211.1167
GGM (higgsino NLSP) 2e,u(Z) 03jets  Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152
Gravitino LSP 0 mono-jet Yes 105 m(G)>10-4 eV ATLAS-CONF-2012-147
0 3b Yes  20.1 mi})<400GeV 1407.0600
}_’:3 0 7-10jets  Yes 203 mg‘:iasosov 1308.1841
}—mxl 0-1e,u 3b Yes  20.1 m(¥})<400GeV 1407.0600
b7 0-1e,u 3b Yes  20.1 m(¥})<300GeV 1407.0800
biby, b,—»hv 0 2b Yes  20.1 m(¥])<00 GeV 1308.2631
b,—»m 2e,u(SS) 0-3b Yes 203 m(i‘)=2 mﬁ 1404.2500
1 (lgu) rl—.b\q 1-2ep 1-2b  Yes 47 1208.4305, 1200.2102
iy ight), Fy—Whi 2eu  O20els  Yes 203 50 Gl iyt 14034353
f1# (medium), # 2e,p 2jets  Yes 203 mi¥)=1 GeV 1403.4853
f17 (medium), ,-»gx, 0 2b Yes  20.1 m{¥})<200 GeV, m(f;)}-m(¥})=5 GeV 1308.2631
#y#; (heavy), r‘“’“’b lepu 1b Yes 20 m(¥y)=0GeV 1407.0583
i1ii (heavy), ity 0 2b Yes  20.1 m(¥1)=0 GeV 1408.1122
11fy, hscty 0  mono-jet/c-tag Yes ~ 20.3 m(’ -m(£3)<85GaV 1407.0608
#17; (natural GMSB) 2e,u(2) 1b  Yes 203 f)>150GeV 14035222
iyfy, =iy +Z 3e,u(2) 1b Yes 203 m(i“kzoo GeV 14035222
gz, il 2e,u 0 Yes 203 m(¥])=0 GeV 1403.5204
XX ,x.—»b(tv) 2e,p 0 Yes 203 m(¥})=0 GeV, m(?,ms(mﬁ)mu’)) 1403.5204
s ;',\"' Xi—w(¥) 27 . Yes 203 (,?a)=o GeV, (7, 7)=0.5(m(¥; )+ 1407.0350
E‘u WI}L o), (VB L(YY) 3ep 0 Yes 203 M(f‘)ﬂnﬁ)."ﬁ'kﬂ, vpoand*»mﬁ') 14027029
F 73 23ep 0 Yes 203 mUER)=m(E (xj’)=o, sleptons decoupled | 14035204, 1402.7020
j&?a_.xvx,hxl lepu 2b Yes 203 m(¥})= z), m(¥;)=0, sleptons decoupled | ATLAS-CONF-2013-003
XX a3 ikt dep 0 Yes 203 mEE3)=m¢t3), m(Ed)=0, m(z, Mammmﬁ)) 1405.5086
Direct¥{¥7 prod., long-md,ﬁ Disapp.trk 1jet  Yes 203 miE5)-m{E3)=160 MeV, r(¥;)=0.2 ns ATLAS-CONF-2013-069
Stable, SWPMQ R-hadron 0 1-6jets Yes 279 m{¥1)=100 GeV, 10 gs<r(5)<1000 s 1310.6584
GMSB, stable # Xlﬂ?(!,]l)-sr(e,p) 1-2p - - 15.9 10<tanB<50 ATLAS-CONF-2013-058
GMSB, ¥1—yG, long-lived ¥} 2y - Yes 47 0.4<r(f})<2 ns 1304.6310
44, X?-'W (RPV) 1y displ vix - - 20.3 1.5 <cr<156 mm, BR(u)=1, m{f1)=108GeV | ATLAS-CONF-2013-002
LFV pp—¥, + X, ¥, —e +pu 2e,p - - 46 43,,=0.10, 243,=0.05 1212.1272
LFV pp—¥, + X, ¥, —e(u) + 7 lepu+t - - 46 2344=0.10, 24(233=0.05 12121272
E Bilinear RPV cgnssm 2e,u (SS) 0-3b Yes 203 m(g)=m(g), crzsp<i mm 1404.2500
& AL XoWiXoeqr. | Aep - Yes 203 mE)>0.2xm(F), A0 1405.5086
XX, X W] X o rive,ery, Sep+t - Yes 203 mED)>0.2xm(FF), A0 1405.5086
t—qq9q 0 6-7 jets - 20.3 BR(r)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091
3—oiit, f1—obs 2e,u(SS) 03b Yes 203 1404.250
Scalar gluon pair, sgluon—gg 0 4 jets - 486 incl. limit from 1110.2693 1210.4826
. Scalar gluon pair, sgluon—# 2 ¢.Il (SS) 2 b Yes 143 | 350-800GeV ATLAS-CONF-2013-051
WIMP interaction (D5, Dirac y) Yes 105 m(y)<80 GeV, limit 0f<687 GeV for D3 ATLAS-CONF-2012-147
107!
Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1o theoretical signal cross section uncertainty.
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gluino production

squark

stop

sbottom

EWK gauginos

slepton

RPV

Summary of CMS SUSY Results* in SMS framework
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Conclusions on SUSY e

e The observed Higgs mass is suggestive of the MSSM
m but no hints yet of SUSY states

e Perhaps SUSY has unexpected features and is escaping detection

e Perhaps CM energy is still too low?
m Run 2 starts at 60% higher energy next spring

e Perhaps SUSY mass scale is well above LHC energies
m No weak scale SUSY

m some alternative mechanism is associated with Higgs mass fine tuning
e.g. Higgs is bound state of particles associated with a new symmetry
signatures will differ from typical weak SUSY signatures

e Important to look for BSM effects not associated with SUSY
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Other BSM topics

Heavy gauge bosons Z’, W’
Vector-like quarks B, T
Contact interactions

Extra dimensions
m higher dimensional Planck scale is at TeV scale

Excited electrons or muons
Leptoquarks

Excited quarks or gluons
Microscopic black holes

e There are papers or preliminary reports on all these
m | will just touch on the first four topics here
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Events

Data/Expected

e SearchforZ’"— ete-and Z’— ut u-

m could be directly produced at electron or muon collider
m interpret here in terms of sequential standard model (SSM) with SM couplings
Also appears in grand unified theories, Minimal Z’ model, walking techicolor, graviton excitation in
Randall-Sundrum model, quantum black holes
All with their own parameters and couplings
. . — 0 -
= main background is the Drell-Yan process gqg —>Z~ — (*/
m fit observed mass spectra to signal template + predicted background vs mass
no significant signal found (p-values 28%, 27%)
m upper limit on possible size of signal gives exclusion in B-o
arXiv:1405.4123
1o ;TiAese | E,?f;‘f’ iz § 10° o ‘IEIEIE;"a o ;Z% AN aas '-I--'E'x;;e'ct;dvli;ni‘t 3
10° Ldt=2031b" éé?:e)tq;i:/tJets 10° Ldt=2051" E-I[—)?bpo:z:rk © 1 0_1; fzgjﬁl\/ .Expected: 1o 7;
10 Vs=8TeV DZ'SOSSI?An(LsTeV) 10 Vs=8TeV []Z' SSM (1.5 Tev) E SSM DExpected: 20
o 0z SSM (2.5 TeV) - [0z ssMm (25 Tev) 1 — Observed limit ]
102 —Z'ssu
10° 10° E
‘ ‘ i |
1.';: | PN PP Y dl“”il | S % 1.'2,: | oo N S 1.* “ i | - " ?ee:det:zo.Sfb" 3
8:3.: MARARARAE MRS B LIS B8 £ & ] 3 g:g: v [AAELAR ++I]'|I | . C uu:det=20-ffb" 1 1 1 1 |
0.08 0.1 0.2 0.3 0.4 05 1 2 me: [Te‘:/] § 0.08 0.1 0.2 03 0405 1 2 mM: [Tei/] 10° 2= ‘0,5‘ = 1 — ‘1.5‘ = ‘2 = ‘2.5‘ / ‘IV‘IZ:,S ‘ iT‘e\?]'s

Resolution < 2%

M->2.90 TeV (2.87 expected)
(similar result from CMS)
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Contact interactions in ¢+¢- final state

e same ¢'¢- data could show evidence of non-SM interaction between the leptons and
quarks

m departure of mass spectrum SM prediction and change in angular distribution of lepton pair
m can see evidence of new interaction before direct production of new states (Fermi’s four-

fermion model of weak interactions) :
7;; = chiral structure (1, 0)

F F Fr = strength of interference term
F.= strength of direct term
A = energy scale of new interaction

Gtot DY T’U Az A4

m decay angle of di-lepton system also carries useful information
cos 6* of 2-in di-lepton rest frame gives A, =( N-Ng)/(Nz+Ny)

T o

2 B ] i 0.6 ' ' ]
S |« Data2012 4 v 4 v < "+ ATLA . Bvo
g ow oeevem cismGel 33 f * ] arXiv:1407.2410
200— [JPhoton-Induced ATLAS - g 0.41— ee:det =203fb ] = 50 : : : . T
C ee: [ Ldt=20.31b" N s = Vs=8TeV
n E:\;Io’:t‘qjatrfw Jet ef ] g - s e + I 2 45E 95% C.L. lower limits Observed
150; ultl-de +lets Vs=8TeV 1 o} Ozj ------------ ] : ATLAS Prior: 1/A2 Expected
[CJpiboson ] - . 40 [ Expected =16
C _ALR =14TeV = o= » Data 2012 - 35 eeluu: f Ldt=20.5fb" [ ] Expected 2 ¢
- - - -1
10058 Alp=14TeV - — Background [T z s =8TeV — 11, ? =7TeV
-0.2f- — Ay, =14TeV = 30 T 5 Ns=7TeV
- Aj =14 TeV 7 25
50 04— - _ _|
041 — Ag=14TeV = 20
- Alp=14TeV .
0.6 | ‘ N ‘ . 15E
2 1.4F = = t t ————— t t 10:
1.2F e . =
@ PR S N N S U S S R = e Og | S— g
% 0.8iJ L + LA 0 AL LA B TY= <-05 — 5:_
o 0.6 = | i i i PR R il i i i G:
-1 -08 -06 -04 -02 O 02 04 06 08 *1 0.1 02 0304 1 2 3 4 LL Const LL Dest LR Const LR Dest RR Const RR Dest
cos 0 Mg [TeV]

Cl Model

Contact interactions in quark-lepton
system limited to A > 15 TeV
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Heavy charged vector boson

e Search for W — ev, W — uv

m analog of the W in the sequential standard model (SSM)
also predicted as a Kaluza-Klein excitation in models with universal extra dimensions
= main background is gqg' —= W™ — ("v
m reconstruct transverse mass of W charged lepton and transverse missing energy

M, =2 pi-Ep™-(1-cosAg,,)

arXiv:1408.2745
CMS Preliminary ____ [razzon fecerer Ll BN LU LA CMS preliminary, 20 fb", 2012, /s =8 TeV
N~ e a EEY T Observed 95% CL limit
—woenzsmoflwser oo —— W' v M=2500 GeV IW wy IQCD E :2, 0 « Observed 95% CL limit W' — ev
—— W' ev =500 GeV gy E e Observed 95% CL limit W' — uv
Im-slngle lopDW->Tv Iﬁ +single mpr —w ] m 10%E Expected 95% CL limit
Pows  Poroe T WS Gev X - Expected 95% CL limit = 10
IDv o Ipy - o) - Expected 95% CL limit = 2 o
Boroe [owosen ; - SSM W' NNLO
[ovoson - ama 3 10°F % War with 2 10 TeV NNLO
* data —; = ‘.__ ----------- w=
dat E F v i - Wzi with u = 0.05 TeV NNLO
syst uncer. B , RN - .
% ., "l\ ; miss miss
102 I ‘ ‘\, e+ EI .+ ET
..... E 10
500 1000 1500 2000 ; 2500 == E
MT [GeV] 500 1000 1500 2000 2500
[GeV] 1E
o 10g 7 MT E
s & E 9 10F 5 - | .
ﬁ4i é 3 ; : [ \\\\\\\\\\\\\\\\\\\\\ T T
s g:.....,..&_«.wm L l S g 9 E 500 1000 1500 2000 2500 30 3500 4000
& 2 27 et Tjﬁ‘f’ %...... e
500 1000 1500 2000 2500 § e 3 M, [GeV]
« 500 1000 1500 2000 2500

The data also limit quark-lepton M, > 3.35 TeV
contact interaction to A > 13 TeV. (similar result from ATLAS)
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Search for WZ resonances

e Search for W — W20 — ¢*v 2+¢-

m interpret in terms of extended gauge model with W’— WZ
W’ couplings to SM particles same as W, except suppressed WWZ coupling

w

width of W’ is narrow compared to resolution 7 z
m also predicted in GUT theories, little Higgs theories, technicolor, composite Higgs
theories

m reconstruct mass of WZ system
calculate longitudinal momentum of neutrino using W mass constraint

> T
[0) —
| . . - T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I . .
(3 , ATLAS —~4- Data — W’(600 GeV) .8_ 102 | B GPXIV14064456
I 0FE =8Tev, f Lat=20310"  [wz — W/(1000 GeV) T = 3 ATLAS — — Expected 95% CL Limit 3
% - [[]other bkg — W’(1400 Gev) ] g o ) P 95% CL= 10 .
o 10 [} Osansyst. E >’L ‘0 - Vs=8 TeV, f Ldt =20.3 fb 95% CL+ 20 7
- SR, All channels combined ] o E Observed Limit E
10 - x = EGMW 3
= 3 < - HVT A(gv=1) i
- i g_ 1TERN S HVT A(gv=3) -
1 E: =2 = ———— HVT B(gv=3) 3
3 ° C ]
-1 =
10 / 10 3
2 3 e g :
3 2 e é 10.2...|...|...|..]""...|...|.'“..:'..l...l
3 1'5; ”#ﬁ‘rﬂui 200 400 600 800 1000 1200 1400 1600 1800 2000
0.5 =
g E
200 400 600 800 1000 1200 1400 1600 1800 m [GeV]
my, [GeV]

M, >152 TeV
(similar result from CMS)
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Search for vector-like quarks

e perhaps the Higgs is a pseudo-Nambu-Goldstone boson from a broken higher

symmetry
m like pions in QCD

m described in little Higgs theories, composite Higgs theories
m expect new states associated with this new interaction
strongly interacting states which can mix with SM states and cancel the Higgs mass divergence

vector-like quarks are a common feature of these model

S

L-handed and R-handed components in the same multiplet

e CMS searches for TT pair production with T — bW, T —1Z, T — tH

m final states with b quarks and W boson

m uses 5 categories of final states with leptons, jets, E;; b jets

CMS

{s=8 TeV 19.5 fb!

miss

* Data
@ Background except tf
M
Uncertainty
- TT 800 GeV (x100)

u+ =3 jets + =1 W jet

Events/50 GeV

= I I I I I | I I I I I I I I

-1 -0.5 0

I 1 1 I 1 1 I
0.5 1
BDT discriminant

BDT for 1-lepton category

arXiv: 1311.7667

CMS (s=8 TeV 195 fb!
s Same-sign dileptons
0 ® Data [ ] té+bosons
5 [ Multi-bosons [__| Non-prompt
oF Uncertainty ----- TT 800 GeV (x 100)

1400
S, [GeV]

T T TR TR A TR T
400 600 800 1000 1200

Scalar transverse energy for
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arXiv: 1311.7667
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- -®- Observed 95% CL
--- Expected 95% CL
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+20 expected

_— 0theory
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1200 1400
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M> 700 GeV for "standard” branching
fractions to (bW, tH, 1Z) of (0.5, 0.25, 0.25).

CMS (s =8 TeV 19.5 fb?!

BR(bW)
Iaoo
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Mass limits for arbitrary branching
fractions. M;> 690 - 780 GeV

ATLAS limits, depending on model and
branching fractions,

M+> 660 - 810 GeV

Mz> 690 - 790 GeV
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Chicago

Search for ttbar resonances

e Naturalness problem for Higgs mass may involve BSM effects coupling to t quarks

e Z' bosons may couple preferentially to t quarks

e Search for anomalies in 7 mass spectrum
m consider final states where one top decays to b24v and other decays to bgq~ (semi-leptonic)
m also final states where both both top quarks decay to bgg~ (all-hadronic)
m final states may involve top quarks with all decay products resolved or a single “fat” jet

(boosted topology)

for M,, > 1 TeV the boosted topology predominates

CMS, 19.7 fb™", /s = 8 TeV CMS, 19.7 fb", /s = 8 TeV arXiv:1309.2030
AMLANAMARRRIRSARES IR ETA SRR MS, 19.7 fb™', (s = 8 TeV

(o)

S £ LI B = . LI B
3 10“? etuN, =0 ; Data - 3 10 ey N, =1 $ Data - = 10°E
o I ‘ tt § o | Bt ] o E e Expected (95% CL)
210 Wothers - S qpL Mothers - = [~
> F -7 3 E " B | et _ .
..2 102f Z'2TeV : ‘\9 g —Z'2TeV ] q/|-\l 10 = \ : Observed (95% CL)
g S 10 _ - \\ : — - 7' 1.2% width
w r Ii N u - |\
10¢ 10k @ 4L : I =10 Expected
F F X E i +
i B & - || =20 Expected
i 1 i . c 40
107" 10" R N | ] o 1 o EE
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CMS, 19.7 b, s = 8 TeV 5 10°F ~
s 10— Qo = ~
8 F all-hadronic ¢ Data ] :)Q- sl | | | | \\

N ti 7 = 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
B10°E i, W 107705 1 15 2 25 3
~ Ee e 1 M. [TeV]
] 5[ —Z'2TeV z
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10; ] Model Observed Limit Expected Limit

; ; _ —
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Search for extra dimensions

e aim is to resolve disparity between EW scale of 100 GeV and Planck scale of
10'° GeV

m Randall-Sundrum (RS) model, leading to a narrow graviton resonance

* two 4-dimensional branes in 5 dimensional space
SM on one brane, gravity on the other, gravitons propagate between them
extra dimension compactified leading to Kaluza-Klein tower of graviton excitations
characterized by curvature of extra dimension k and reduced Planck mass M,, = M, INEY:
width of lightest KK state is 0.014% for k/ M ,, =0.01 (narrower than detector resolution)
narrow enhancement in yyor £*¢-mass spectrum or missing energy in mono-jet search

m Arkani-Hamed, Dimopoulos, Dvali (ADD) model, leading to a broad yyor £*¢- mass
enhancement

* gravity propagates in n large extra spatial dimensions, compactified to scale R while SM is
in 3+1 dimensions M}, = M}’ R’

* leads to an apparent Planck scale which is large relative to the fundamental Planck scale
M, which is at TeV scale

* spacing of KK graviton states ~1/R so continuum is nearly continuous

GRAW% .

*

*

*

*

*

T T T 3
ATLAS f Ldt=4916"

Examples of signals for
extra dimension from
o RS and ADD models.

Events/bin

F -e20t1data
E  [JTotal Background
10'E T~ Reducible Background
syst @ stat (total)

102 % syst ® stat (reducible) ar‘xiv: 1210.8389
" E [IRS,KM,=01,m;=15TeV e =
107 E" []ADD, GRW, My =25 TeV -
3 o ]
ok
é 0 r_-=l||
5 2
0 200 300 400 1000 2000 3000
m,, [GeV]
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Search for extra dimensions

e Most stringent limits from £*¢- mass spectrum
m also limits from yymass spectrum, mono-jet search, black hole search

Limits on RS model with narrow G*

(arXiv:1405.4123)
(2] 107 = T T T T T T T T = 2T gy 7 T T LI
€ | ATLAS Eg/atf 2012 = 027 % /////? ///’/////////'/ /%///V ]
10 , v = . A7 7 .
Lﬁ Z —ee B Top quark =< ” ' |
10° Ldt=2031b" [IDijet & W-+Jets i
Dib
10* Vs =8TeV ||E|IZ'I ;;l?ﬂn(1 5TeV) B
i [JZ SSM (2.5 TeV) i
10° T
10 ¢ / ///// //Z// // _—
/ ////// 7 S-8TeV -
1 7 %///A 7/ Is=81leV. ]
0 / _
10 = s e:J. Ldt=203f" —
| . | ] 7
é }-_g.: ....... ) h* 1 || _ uu:det:zo.sfb"
8_ 1 A A o L) 20 A J 1" Bl L I
g oo 2 . ' ' | ' ;
% 0-08 0.1 0-2 03 0-4 0-5 1 2 3 4 0 0.5 1 1 1 1 I1 -5I 1 1 1 2 1 1 1 |2.51 1 1 1 3 1 1 1 I:3.5
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Observed ee mass spectrum Excluded lowest G* mass
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Limits on ADD model with broad
mass enhancement

(CMS PAS EXO-12-027)

CMS 2012 Preliminary [Ldt=20.61fb" ys=8TeV CMS Preliminary
> T T T I T T T T I T T T T I T T T T I T T T T I ;‘ |
G10* DY = 2 o
T10° B Top + Diboson < 55
-2102 data S -

o _ = -
210 —— ADD A,=3.6 TeV E 4F
- -
1 3
10" :
2F
107 -
10° -
10 o-

500 1000 1500 2000 2500
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Observed pp mass spectrum
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--------- Atlas ee+uu+yy(7TeV,5.0fo™)—|
— = CMS ee+uu+yy(7TeV,2.0fb™) ]
ST CMS yy(7TeV,34pb™) ]
o D@ ee+yy(1.96TeV, 1.05fb™) ]

.............

35
m
O

Excluded string scale mass vs
number of extra dimensions
eg. M_.> 3.5 TeV for n=6

August 25, 2014

39

J. Pilcher



Additional topics

e see ATLAS and CMS summary charts and cited references
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ATLAS EXxotics Searches* - 95% CL Exclusion

ATLAS Preliminary

Status: ICHEP 2014 _’I dt=(1.0-203)fb-1 +s5=7,8TeV
Model £,y Jets ET* [rdym] Mass limit Reference
ADD Gkk + g/q - 1-2] Yes 47 | H H ) n=2 1210.4401
ADD non-resonant ££ 2e,p = = 20.3 n=3HLZ ATLAS-CONF-2014-030
ADD QBH— {q 1epu 1] - 20.3 n=6 1311.2008
ADD QBH - 2] - 203 n=~6 to be submitted to PRD
ADD BH high Ngi 2 u (S8) - - 20.3 n =6, Mp = 1.5 TeV, non-rot BH 1308.4075
ADD BH high ¥’ pr >lep >2j - 203 n =6, Mp = 1.5 TeV, non-rot BH 1405.4254
RS1 Ggk — € 2e,pu - - 20.3 kMg =0.1 1405.4123
RS1 Gk — WW — vy 2e,pu - Yes 47 |C kiMp =0.1 1208.2880
Bulk RS Gk — ZZ — ffqq 2e,pu 2j/1J - 203 kiMp =10 ATLAS-CONF-2014-039
Bulk RS Gyy — HH — bbbb - 4b - 195 | Gik mass 590-710 Gev [l k/Mp =10 ATLAS-CONF-2014-005
Bulk RS gki — tt 1euy >1b>1JR2) Yes 143 BR=0.925 ATLAS-CONF-2013-052
S1/7Z, ED 2e,u - - 50 | 12092535
UED 2y - Yes 48 |G ATLAS-CONF-2012-072
SSM Z' — {f 2e,pu - - 203 1405.4123
SSMZ’ - 11 27 - - 195 ATLAS-CONF-2013-066
5 SSM W’ — {y fepu - Yes 203 ATLAS-CONF-2014-017
EGMW’' - WZ > &y €¢ 3epu - Yes 203 1406.4456
g EGM W’ —» WZ — qqft 2eu 2j/14 - 20.3 ATLAS-CONF-2014-039
@ LASMWi—1b e, 2b01] Yes 143 ATLAS-CONF-2013-050
LRSMW,'Q—s tb Oeu >1b,1J - 203 to be submitted to EPJC
Cl qqqq - 2] - 48 1210.1718
. Cl qqft 2e,u - - 20.3 ATLAS-CONF-2014-030
Cl uutt 2e,u(SS) 21b,21] Yes 143 ATLAS-CONF-2013-051
= EFT D5 operator (Dirac) Oe,pu 1-2]) Yes 105 at 90% CL for m(y) < 80 GeV ATLAS-CONF-2012-147
Q  EFT D9 operator (Dirac) Oep 14,<1] vyes 203 at80% CL for m(y) < 100 GeV 1300.4017
Scalar LQ 15 gen 2e >2j - 1.0 B=1 1112.4828
. Scalar LQ 2™ gen 2u >2j - 1.0 B=1 12033172
Scalar LQ 3" gen tepir 1b1) - 47 B=1 1303.0526
Vector-like quark TT — Ht+X  1epy >2b>4] Yes 143 Tin (T,B) doublet ATLAS-CONF-2013-018
§,§ Vector-ike quark TT —» Wb +X 1eu 21b2>3] Yes 143 isoapin singlet ATLAS-CONF-2013-060
g Vector-like quark TT — Zt + X 22>3e,pu  >2/>1b - 20.3 Tin (T,B) doublet ATLAS-CONF-2014-036
Vector-like quark BB —» Zb+ X 2/>3e,p 22/>1b - 20.3 Bin (B,Y) doublet ATLAS-CONF-2014-036
Vector-like quark BB— Wt+X 2e,u(SS) 21b,>1] Yes 143 B in (T,B) doublet ATLAS-CONF-2013-051
Excited quark g* — gy 1y 1] - 203 only u* and d*, A = m(q") 1309.3230
Excited quark ¢* — qg - 2j - 20.3 only u* and d*, A = m(q*) to be submitted to PRD
Excited quark b* —» Wt 1for2e,pu1b,2jorij Yes 47 left-handed coupling 1301.1583
Excited lepton £* — £y 2epu 1y = = 13.0 A=22TeV 1308.1364
LSTC a7 — Wy feptly - Yes 203 to be submitted to PLB
LRSM Majorana v 2e,pu 2] - 21 m(Wg) =2 TeV, no mixing 1203.5420
Type lll Seesaw 2eu = = 58 |Ve|=0.055, |V;|=0.083, |Vr|=0 ATLAS-CONF-2013-019
g Higgs triplet H** — {£ 2e,u(SS) - - 47 DY production, BR(H** — £{)=1 1210.5070
Multi-charged particles - - - 44 DY production, |q| = 4e 1301.5272
Magnetic monopoles - - - 20 DY production, |g| = 1gp 1207.6411
i 1B l L L i 10 1 I l L L 2

e e 1

*Only a selection of the available mass limits on new states or phenomena is shown.

10 Mass scale [TeV]




LQ1(e)) x2 stopped gluino (cloud)

LQ1(ej)+LQ1(v)) stopped stop (cloud)
LQ2(yj) x2 HSCP gluino (cloud)

LQ2(uj)+LQ2(vi) Leptoquarks HSCP stop (cloud)
LQ3(vb) x2 q=2/ge :ggg
LQ3(tb) x2 q=3e
LQ3(tt) X2 neutralino, ctau=25cm, ECAL time
LQ3(vt) x2
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Resonances

NR BH, nED=4, MD=4 TeV
Jet Extinction Scale
String Scale (jj)
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Fermions

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
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Multijet
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Long-Lived
Particles

Large Extra
Dimensions

Compositeness
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CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)

T'(5/3)(dilep,ss) ( pined)
9, (combine

T'—tZ(semilep+lep)
T'—tH(semilep+lep) Z'(1.2%)(combined)

T—bW(semilep+lep) Vector-like T'

tt Resonances

il
T'—tH(H—=yY) g, (semilep)
T'—tH(hadronic)

Z'(1.2%)(semilep)
B'—bZ(multilep)

B'—bH Itil
(multilep) gKK(aII-had)

B'—tW(multilep)

B'—>tW(ss-dilep) Z'(1.2%)(all-had)

Vector-like B'

B'—bZ(dilep)

W'(lep)
B'—=bZ(semilep)

tb Resonances
B'—bH(semilep)
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B'—tW(semilep)

B'—bH(hadronic)

t*(dilep) Excited tops
t+MET,vectorial(had) :
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ttbar+MET,scalar(semilep)
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Conclusions

no BSM discoveries yet

Many channels examined
m Simple models used to place mass limits
m also searches for many unconventional channels
Both high p; experiments are clearly capable of seeing new physics
m detectors and collider have performed very well (~25 fb-! of data from Run 1)

m active analysis teams with powerful software tools
over 150 papers from each experiment on new particle searches

m current limits and results are very comparable from the two

m each team would like to make the first discovery
The work will be reenergized next year at 60% higher energy and increased
luminosity

m more on the potential of these runs in talks this afternoon
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